The purpose of the study was to determine if atrial ectopy (AE) or atrial arrhythmias during exercise are predictive of an increased risk of cardiac events and death. BACKGROUND Although stress-induced atrial arrhythmias are common during exercise testing, there is a paucity of data regarding the correlation with underlying heart disease and cardiovascular outcomes. Atrial arrhythmias may reflect underlying left atrial enlargement and diastolic dysfunction, which are prognostic of mortality. We hypothesized that these stress-induced arrhythmias are associated with long-term adverse cardiac events.
Despite extensive evaluation of exercise-induced ventricular arrhythmias, the long-term significance of exercise-induced atrial arrhythmias is unknown. During exercise, ectopic atrial pacemakers, sinus arrhythmia, paroxysms of atrial tachycardia, and junctional tachyarrhythmias are common (1) . Paroxysmal atrial fibrillation (AF) and supraventricular tachycardia (SVT) during exercise are rare (1, 2) . Of these rhythms, premature atrial complexes are the most common, with a general incidence ranging from 2.5% to 10% (3) (4) (5) . In general, exercise-induced atrial arrhythmias increase with age (6, 7) .
Although exercise-induced atrial ectopy (AE) is common, there is a paucity of data regarding the correlation with underlying heart disease and cardiovascular outcomes. In a small study, Whinnery et al. (5) found supraventricular premature beats in 40% of 20 patients with cardiac disease versus 10% in 20 healthy controls. In addition, Master (3) reported 24 patients with atrial premature complexes, 15 (63%) of whom had underlying organic cardiac disease. Despite these findings, there have been no subsequent long-term studies to determine the prognostic utility of exercise-induced AE in ascertainment of long-term cardiovascular risk. Accordingly, we studied the hypothesis that AE during exercise would be a predictor of increased risk of cardiovascular disease and death. In addition, we studied the prognostic significance of exercise-induced AF and SVT.
to follow-up. Patients with AF on the baseline electrocardiogram (ECG) were also excluded. A total of 5,375 patients met criteria for inclusion. Patient demographics were obtained at the time of the treadmill test through a patient interview and chart review. Data collected included age, gender, cardiovascular risk factors, medications, prior cardiac procedures, and the reason for pursuing an exercise test. The ejection fraction at rest was measured using a modification of the method of Quinones et al. (8) or by visual estimation (9) , and at exercise by visual estimation.
The patients underwent a symptom-limited treadmill exercise test according to the Bruce protocol (88%), Naughton protocol (6%), modified Bruce protocol (3%), or other protocol (3%). Standard blood pressure and 12-channel ECG monitoring were performed. During each stage of exercise, data on the heart rate, blood pressure, and ECG changes were recorded. Those persons recording these data were unaware of the hypothesis of this study.
Information regarding atrial arrhythmias was recorded during each stage of the protocol and upon completion of the study. Atrial arrhythmias were defined in four categories: no arrhythmia, AE, AF or atrial flutter, and SVT. We considered three or more consecutive beats at an accelerated rate (accelerated relative to the sinus tachycardia that is expected during exercise testing) to be a tachycardia. Isolated narrow complex beats and pairs were classified as AE. The exercise ECG was considered positive for ischemia if there was horizontal or downsloping ST-segment depression of at least 1 mm at 80 ms after the J-point, nondiagnostic if the baseline ST-segment was abnormal, and negative for ischemia in the absence of these criteria. Exercise echocardiography results were defined as abnormal if ischemia or fixed wall motion abnormalities were present. Follow-up. Follow-up data were obtained from mailed questionnaires and scripted telephone interviews. Events were verified by contacting the patients' primary physicians and reviewing medical records and death certificates. The end points were myocardial infarction (MI), revascularization (percutaneous transluminal coronary angioplasty or coronary artery bypass grafting), cardiac death, overall death, and major adverse cardiac events (MACE) (composite of MI, revascularization, and cardiac death). Sudden unexpected death occurring without another explanation was included as cardiac death. Stroke felt to be resultant from a cardioembolic source was included as a cardiac death. Coronary revascularization procedures during the follow-up period were also included. This end point was analyzed because the results of the exercise stress tests were available to treating physicians and may have been used in decisions to perform revascularization, thus altering long-term survival rates as well as representing underlying coronary artery disease. Statistical analysis. Continuous variables were reported as mean Ϯ SD and comparisons between groups were based on the Wilcoxon rank-sum test. Categorical variables were summarized as percentages, and group comparisons were based on the chi-square test. Survival free of the end point of interest was estimated by the Kaplan-Meier method. Univariate associations of clinical and exercise variables with the end points were assessed in a Cox proportional-hazards model. A multivariate model was established initially with only clinical baseline data, including rest echocardiographic variables. Exercise ECG, hemodynamic variables, and exercise echocardiographic variables were added in a stepwise forward selection manner to the clinical model. These models did not take into consideration the location of wall motion abnormalities. The significance of adding additional variables to previous modeling steps was based on the change in model-based likelihood statistics with degrees of freedom equal to the number of additional variables.
RESULTS
Patient characteristics. Among the 5,375 patients that met inclusion criteria, 1,500 patients developed an exerciseinduced atrial arrhythmia (Table 1) . Of these patients, 1,272 (23.7%) had AE, 43 (0.8%) had AF or atrial flutter, and 185 (3.4%) had SVT. The clinical and exercise-related characteristics of the patients based upon atrial arrhythmia are shown in Table 2 . Patients who developed exerciseinduced arrhythmias were older in comparison with patients who did not have atrial arrhythmias (p ϭ 0.001). Patients with stress-induced AF/atrial flutter had a higher mean maximum heart rate in comparison to the other groups (p Ͻ 0.0001). Outcome. During a mean follow-up of 3.1 Ϯ 1.7 years, 300 patients died. Of these, there were 132 cardiac deaths, including 54 with MI, 28 with congestive heart failure, 19 with sudden death, 14 with ventricular fibrillation cardiac arrest, and 4 with cardioembolic stroke. A total of 195 patients had an MI, and 531 patients underwent revascularization (273 coronary angioplasty, 328 coronary artery bypass graft). The five-year overall death rate was not statistically different between arrhythmia groups (none [ 
[0%], AF [9.0%], chi-square ϭ 2.8, p ϭ 0.005) (Fig. 3) . Table 2 . Stress-induced AE resulted in a HR of Step three added stress-induced variables. ST-segment depression did not fit into the model. When this variable was forced into the multivariate analysis it resulted in a hazard ratio (HR) of 1.04 (95% confidence interval [CI] 0.97 to 1.14).
RWMA ϭ regional wall motion abnormalities.
1.32 when added to the model (95% CI 0.95 to 1.84). However, there was no significant difference between AE and no atrial arrhythmias (p ϭ 0.1). Removal of echocardiographic variables from the stepwise model did not alter the significance of AE beyond that of no arrhythmia induced in prediction of long-term risk of MI (p ϭ 0.11).
DISCUSSION
This is the first study to assess and compare the association of various stress-induced atrial arrhythmias on long-term adverse cardiac events. In a large cohort of patients referred for exercise stress testing, the occurrence of AE was predictive of an increased risk of MI. This association did not persist when taking into account clinical or exercise test parameters. The rates of long-term cardiac death, revascularization, or MACE were not associated with development of stress-induced atrial arrhythmias. These data provide long-term clinical insight into small prior studies that suggest exercise provocation of AE is associated with cardiac disease (3, 5) . The pathophysiology underlying this association is unclear. During ventricular diastole, the left atrium is exposed to the left ventricular (LV) pressure. Furthermore, the pressure and size of the left atrium are directly influenced by those factors that alter diastolic LV filling (10, 11) . Deteriorating diastolic function, which is associated with elevated LV diastolic pressures, strongly predicts long-term cardiovascular risk and mortality (11) (12) (13) (14) . Because increased left atrial size is associated with atrial arrhythmias, this may in part explain this finding. Another potential mechanism is that AE may represent underlying systemic inflammation. Chung et al. (15) reported an increase in C-reactive protein, a risk factor of cardiovascular disease (16) , in patients with persistent, lone, and paroxysmal AF as well as AE. Despite this association, in our study, AE did not add to traditional risk factors in long-term ascertainment of MI risk.
These data reveal that AF, AE, and SVT were not predictive of risk of cardiac death, revascularization, and MACE, which support and expand the findings of Mauerer et al. (17) . They reported long-term data on 85 patients (6.1% of the total population) who developed stress-induced SVT (Ն3 consecutive supraventricular beats at a rate Ͼ100 beats/min). In this cohort of patients, there no significant increase in cardial mortality, MI, or syncope in comparison to a control population (17) .
All of the exercise-induced atrial arrhythmias increased with age. This finding is consistent with prior reports (6, 7, 17) . Although the reason for the age-related increase of exercised-induced arrhythmias in unknown, it may reflect an age-related increase in left atrial size, exaggerated nor- epinephrine and epinephrine responses during exercise, or an increase in risk factors of LV dysfunction (17) (18) (19) .
The data from this study must be viewed in context of the study limitations. First, the data are from an observational study of a cohort of patients from a single center and have the common limitations of nonrandomized studies, including selection biases and uncontrolled confounding. However, to date it is the largest data set to compare exerciseinduced atrial arrhythmias and their prognostic impact of long-term cardiovascular risk. Second, the database does not include information regarding pretest arrhythmias. Although baseline AF was excluded, prior occult paroxysmal supraventricular arrhythmias may have been included. Third, data regarding baseline antiarrhythmic drug therapy were not assessed, although we expect this omission to be minimal by excluding individuals with baseline AF. Fourth, the database did not distinguish between low-grade and high-grade AE. However, these data have important clinical implications in both the positive and negative interpretation of exercise tests to risk-stratify individuals at highest risk for adverse cardiovascular outcomes. Conclusions. Atrial ectopy during exercise was found to be an independent predictor of an increased risk of MI, but not cardiac survival or revascularization. However, in stepwise modeling AE did not add to clinical baseline-or stressinduced risk factors of MI. All other exercise-induced atrial arrhythmias were not independently predictive of cardiac events. These data in a large cohort of patients further validate the value of an exercise test to ascertain both negative and positive risk and prognosis.
